ABSTRACT Over 60 Pieris taxa (Ericaceae) were measured for their susceptibility to the Andromeda lace bug, Stephanitis takeyai Drake and Maa, and the azalea lace bug, Stephanitis pyrioides (Scott) (Hemiptera: Tingidae) based on leaf damage, adult survival on leaves, and emergence of nymphs in no-choice petri dish assays. Pieris phillyreifolia (Hook.) DC. and P. japonica (Thunb.) D.Don ex G.Don ÔVariegataÕ were consistently resistant to both species of lace bugs, whereas P. japonica ÔCavatineÕ was consistently susceptible to both. Pieris japonica ÔTemple BellsÕ was highly susceptible to S. takeyai, but resistant to S. pyrioides. Nymph emergence was noted only with S. takeyai, on 46 Pieris taxa, whereas S. pyrioides nymphs were not observed on any of the Pieris taxa. Choice assays (with 10 Pieris taxa) and whole plant assays (with Þve Pieris taxa) using S. takeyai alone also were conducted, conÞrming the resistance of P. phillyreifolia and susceptibility of P. japonica Temple Bells to lace bug feeding.
The ericaceous plant pieris (Pieris D. Don spp.) is a popular ornamental shrub used in landscape, foundation plantings, and shrub borders, or for incorporating with other evergreens. The plants are prized for their glossy green leaves; clusters of red, pink, or white urn-shaped ßowers; and the striking colors displayed by new leaves. Foliage feeders like lace bugs and mites can cause severe damage to Pieris. They weaken the plant and also reduce the attractiveness of the foliage, which affects the esthetic value and marketability.
Stephanitis Stål is a genus of over 60 species that includes several pests of ornamental and fruit plants (Howard 2001) . The three species occurring in North America, are the azalea lace bug, Stephanitis pyrioides (Scott); the Andromeda lace bug, S. takeyai Drake and Maa; and the rhododendron lace bug, S. rhododendroni Horváth. All three species attack woody ornamentals, especially those belonging to the family Ericaceae (Alverson et al. 1994) . Although S. rhododendroni is native, S. pyrioides and S. takeyai are indigenous to Asia, as are many Pieris and azalea cultivars currently in production. Damage symptoms caused by all three lace bugs include yellowish white stipples or blotches on the upper leaf surfaces, and oily, black frass spots, on the lower surfaces. Lace bug damage may lead to premature leaf shedding, drying up of twigs, or even the whole plant (Schread 1968) .
The azalea lace bug is the most widespread of the three species, and also the most important in terms of economic damage. Although its preferred hosts are azaleas (Rhododendron spp.), S. pyrioides is also known to infest other ericaceous plants such as kalmia (Kalmia latifolia L.) and pieris [Pieris ovalifolia (Wall.) D. Don] (Drake and Ruhoff 1965) . The susceptibility of azalea cultivars to S. pyrioides has been measured earlier Pendley 1992, Schultz 1993) ; however, information about the extent of its damage on kalmia and pieris is lacking. The Andromeda lace bug Þrst was reported in North America in 1950 on P. japonica plants in Connecticut, and there were speculations even at that time that this recently introduced species may become a serious pest of Pieris and other ornamental Ericaceae (Bailey 1950) . It has been reported from several other states (Dunbar 1974 , Torres-Miller 1989 , Nielsen 1997 and there have been unpublished reports of the pest from the southeastern United States recently. Stephanitis takeyai is an important pest of Pieris spp. (Johnson and Lyon 1991) , but its ecology and management are not extensively studied (Johnson and Lyon 1991) . Of the known Pieris taxa, P. japonica is reported to be the most preferred (Schread 1968) , P. floribunda [(Pursh ex Simms) Benth. & Hook.] resistant, and P. floribunda ϫ japonica hybrids less favorable to S. takeyai (Dunbar 1974) . In Poland, severe damage was observed on cultivars ÔSelectÕ, ÔDebutanteÕ, and ÔCupidoÕ, and to a lesser degree on ÔFlaming SilverÕ, ÔVariegataÕ, and ÔRedmillÕ (Labanowski and Soika 2000) .
The genus Pieris includes 13 species (USDAÐARS 2011) of which the most common is the Japanese pieris, P. japonica (Thunb.) D.Don ex G.Don, native to Japan. It is also the most widely cultivated, and it is believed to have over 100 known cultivars (van Santvoort 2008) . Mountain pieris, P. floribunda, native to North America, is an underutilized ornamental shrub indigenous to the Appalachian mountains of the United States (Starrett et al. 1996) . Pieris floribunda is more tolerant to stresses such as alkaline soil and pests but is considered less attractive than P. japonica (Heriteau 2006) . Pieris phillyreifolia (Hook.) DC. (climbing fetterbush), also native to North America, is common in the southeastern states of Alabama, Florida, Georgia, Mississippi, and South Carolina (USDAÐARS 2011). Lesser cultivated species of Pieris include P. formosa (Wall.) D. Don (Himalaya pieris), P. taiwanensis Hayata (dwarf pieris), P. cubensis (Grisebach) Small., and P. swinhoei Hemsley.
We measured cultivars of P. japonica, P. phillyreifolia, P. taiwanensis, and P. formosa for resistance against S. takeyai and S. pyrioides. The goals are to identify potential resistant Pieris germplasm to inform plant breeding efforts and understand management needs with respect to two adventive key pests.
Materials and Methods
Plant Material. Pieris taxa (species or cultivars) were obtained from the Department of Horticulture Pieris collection located at the University of Georgia Horticulture Farm in Watkinsville, GA. These plants were obtained from various nurseries in 11.3-liter (3 gallon) and 3.7-liter (1 gallon) pots and maintained in a screen house with regular irrigation, but without additional pesticide and fertilizer inputs. For our experiments, leaves were collected from plants that had at least Þve branches.
Lace Bugs. Stephanitis pyrioides colonies were established and periodically replenished using adult azalea lace bugs collected from natural populations found near GrifÞn, GA. The colonies were housed in 1.0-m 3 screen cages in the Entomology Insect Rearing Facility at GrifÞn, GA. These colonies were reared on potted evergreen azaleas under conditions of 27 Ϯ 1ЊC and a photoperiod of 14:10 (L:D) h. Stephanitis takeyai colonies were initiated from a population obtained from a landscape setting in New York in April 2009. The colonies were housed in plastic containers and maintained through the period of study at 27 Ϯ 1ЊC and a photoperiod of 14:10 (L:D) h. Pieris cultivars P. japonica ÔDoddÕs Crystal Cascade FallsÕ, ÔTemple BellsÕ and ÔScarlett OÕHaraÕ were used as hosts to maintain the colonies, and these were rotated to avoid selection by lace bugs. For the actual testing, 5Ð10-d-old adult lace bugs were Þrst collected in plastic tubes by using an aspirator and then transferred into the testing petri dishes by using a brush.
No-Choice Petri Dish Assays (Single Species). Our Þrst experiment was initiated using S. pyrioides in March 2008 with 61 Pieris cultivars, and repeated in May 2008. Each cultivar was replicated four times. For each replication, three mature leaves of a cultivar (fourth or Þfth leaf from the bottom of a branch) were placed in a petri dish of 11 cm in diameter (VWR ScientiÞc, Radnor, PA), with their petioles covered with sections of moist paper towels. Ten adult lace bugs were released into each petri dish and the dish covered with its friction-Þtting lid. The dishes were arranged in a randomized complete block design and placed under 27 Ϯ 1ЊC and a photoperiod of 14:10 (L:D) h. Observations on the number of bugs alive were taken at 48-h intervals. On day 13, the surviving adults were removed and the leaves were visually scored for the percent leaf area damaged using a scoring chart developed by Klingeman et al. (2000) , in which damaged leaves were chosen to represent a range of lace bug feeding injury. After scoring, the leaves were maintained under the same environmental conditions and observed daily for emergence of nymphs. Nymphs were counted and removed when they were observed.
A similar assay was conducted using S. takeyai in July 2009 and repeated in August 2009. In these assays, two adult lace bugs were released into each petri dish. Observations on the number of bugs alive were taken at 2, 7, 9, and 13 d. Scoring of leaf damage and observations of nymph emergence were performed as described above in this section.
In another set of no-choice tests conducted in September and repeated in October 2009, we used 20 Pieris cultivars that represented the range in susceptibility. Both species of lace bugs were tested separately, with four replications and two adults per replication. Leaf damage and nymph emergence were assessed as described above in this section.
Multichoice Assay. Ten Pieris cultivars, including susceptible and tolerant cultivars, were selected based on the results of previous assays. Three mature leaves (fourth or Þfth leaf from the bottom of a branch) of each cultivar were placed as a group with their bases covered with moist paper towels. Ten such groups of leaves from 10 Pieris cultivars, placed in a circular pattern inside a large 30-cm petri dish with a frictionÞtting lid, constituted one replication and there were three such replications. The leaf groups were arranged randomly within the circular pattern in each replication. Twenty S. takeyai adults were released into each petri dish. All the petri dishes were placed inside a growth chamber maintained at 27 Ϯ 1ЊC and a photoperiod of 14:10 (L:D) h. Observations on the number of bugs present on each of the leaves were recorded 1 hr after releasing the bugs, and then again at the start of each observation on the second, seventh, ninth, and thirteenth day. After the thirteenth day the surviving adults were removed and the leaves were assessed for leaf damage by counting the number of frass spots left by the bugs as an indicator of feeding, because frass spot numbers are highly correlated with leaf damage and served as an index for the amount of S. pyrioides feeding on azaleas (Ericaceae) (Buntin et al. 1996) . After damage assessment, the leaves were placed back in their positions and maintained under the same conditions as during the exposure period and observed daily for emergence of nymphs. Nymphs were counted and removed when they were observed.
Whole Plant Assay. Five Pieris taxa, including susceptible and tolerant cultivars, were selected based on the results of previous assays. Six healthy potted plants of each cultivar, with at least Þve branches were chosen. One branch on each plant with at least 100 leaves was enclosed in a 20 by 40 cm sleeve cage (BugDorm, BioQuip Products Inc., Rancho Dominguez, CA). Ten S. takeyai adults (Þve males and Þve females) were released into the sleeve cage and this constituted one replication. Each cultivar was thus replicated six times from July to August 2010. The plants were placed in the laboratory at 27 Ϯ 1ЊC and a photoperiod of 14:10 (L:D) h. They were irrigated as needed and observed on the second, seventh, ninth and thirteenth day after release, for survival of the lace bugs. After the thirteenth day, the branches were cut at the base beyond the cage and the leaf damage was assessed. A Ôdam-agedÕ leaf was one with frass spots left by the lace bugs (Buntin et al. 1996) . The number of leaves that were damaged out of 100 leaves was counted in each of the sleeve cages. Of the damaged leaves, Þve leaves were selected at random and the average number of frass spots was recorded. After this, each of the entire cut branches (with their cut ends covered in sections of moist paper towels) was placed inside a large petri dish or container and maintained under conditions of 27 Ϯ 1ЊC and a photoperiod of 14:10 (L:D) h to observe for nymph emergence. Nymphs were counted and removed when they were observed. Statistical Procedures. The experiments used a randomized complete block design. The replications were considered as the block factor. Treatment means were analyzed separately for each kind of assay. Means of the variables (adult survival, leaf damage and nymph emergence in no-choice assays; adult presence on leaves, leaf damage and nymph emergence in choice assays; and adult survival, number of damaged 
Results
No-Choice Petri Dish Assays. Pieris cultivars varied with respect to adult lace bug survival and leaf damage. The cultivars that showed 3% or more damaged leaf area by S. pyrioides were the P. japonica ÔWhite CascadeÕ, ÔLa RocailleÕ, ÔP 1418531Ј, ÔMountain FireÕ, ÔShojoÕ, ÔValentineÕs DayÕ, ÔSinfoniaÕ, and ÔFirecrestÕ (Table 1 ). The highest adult survival was seen on ÔMountain FireÕ and ÔShojoÕ (Table 1 ). The cultivars that showed the least damage (0.5Ð 0%) were P. phillyreifollia and P. japonica cultivars ÔPreludeÕ, ÔPygmaeaÕ, ÔWadaÕ, ÔNocturneÕ, ÔDoddÕs Crystal Cascade FallsÕ, and ÔVariegataÕ. These cultivars also showed no surviving adults on the Þnal day of observation. Leaf damage caused by S. takeyai was visibly much higher than that caused by S. pyrioides. The most notable difference seen in the assays with S. takeyai was the high susceptibility of P. japonica ÔTemple BellsÕ as indicated by the higher leaf damage, and adult survival; whereas this cultivar had shown low adult survival and leaf damage by S. pyrioides. P. japonica ÔTemple BellsÕ was statistically similar to P. japonica ÔCavatineÕ, ÔFlaming SilverÕ, and P. japonica var. amamiana, all of which showed leaf area damage of 7% or higher. Pieris cultivars resistant to S. takeyai feeding activity included P. phillyreifolia, P. japonica ÔVarie-gataÕ and ÔPygmaeaÕ, which was consistent with the previous assays using S. pyrioides.
Stephanitis pyrioides nymphs were not observed in the leaves of any Pieris cultivar, whereas S. takeyai oviposited in the majority of Pieris cultivars (Table 1) . Counts of emerged nymphs appeared related to adult survival and leaf damage. The highest number of nymphs was observed on P. japonica ÔUNHÕ, and P. japonica var. amamiana, while the lowest numbers were observed on P. phillyreifolia, P. japonica ÔVarie-gataÕ and P. japonica ÔPygmaeaÕ.
In the no-choice assays with 20 cultivars (Table 2; Figs. 1 and 2), Pieris phillyreifolia and P. japonica ÔVariegataÕ were consistently resistant to both species of lace bugs, P. japonica ÔCavatineÕ was susceptible to both, whereas ÔTemple BellsÕ was notable in being highly susceptible to S. takeyai, but resistant to S. pyrioides.
Multichoice Assay. Of the 10 Pieris cultivars used in the multichoice assays with S. takeyai, P. japonica ÔTemple BellsÕ exhibited the highest number of frass spots on all four days of observation (Table 3) . Pieris japonica ÔCavatineÕ was also highly susceptible and was statistically similar in the number of frass spots to P. japonica ÔTemple BellsÕ. Pieris phillyreifolia ÔLittle LeafÕ and ÔBaldwinÕ showed the least amount of damage but were similar to P. taiwanensis ÔSnow DriftÕ and P. japonica ÔValley RoseÕ, the other least-preferred cultivars. A higher number of nymphs was observed on P. japonica ÔTemple BellsÕ than on all the other cultivars. This was followed by P. japonica ÔDorothy WycoffÕ and P. japonica ÔCavatineÕ which were not different from each other statistically.
Observations on presence of adults on the leaves (Table 4) show that the lace bugs did not exhibit a marked preference for any cultivar at the beginning of the experiment (1 h after release) or even on the second day. However, from the seventh day onwards there were clear indications of the adultsÕ preferences, and the highest number of adults was seen on P. japonica ÔTemple BellsÕ on the seventh, ninth, and thirteenth day. Whole Plant Assay. Highest survival of S. takeyai adults was noted on P. japonica ÔCavatineÕ with an average of six adults surviving on the thirteenth day (Table 5 ), similar to ÔTemple BellsÕ which had an average of 5.5 adults. The lowest adult survival was recorded on P. phillyreifolia. The highest number of damaged leaves was noted in P. japonica ÔTemple BellsÕ, which was higher than all the other cultivars ( Table 6 ). The highest average leaf damage (indicated by frass spots) was also noted in P. japonica ÔTemple BellsÕ, which was similar to that on P. japonica ÔCava-tineÕ. Nymph emergence was the highest in P. japonica ÔCavatineÕ, and similar to ÔTemple BellsÕ.
Discussion
The results of this study provide information on susceptibility of cultivated Pieris taxa to S. pyrioides and S. takeyai, which has not been reported previously. Our experimental design was similar to that used in previous studies that examined susceptibility of host plants to lace bugs (Wang et al. 1998 ). We used two methods (Buntin et al. 1996 , Klingeman et al. 2000 for assessing lace bug damage, both of which gave consistent results. In the initial no-choice assays with the larger number of cultivars, we used damage scoring (Klingeman et al. 2000) for better feasibility and also to account for the consumerÕs perception. However, in the multichoice and whole plant assays where fewer cultivars representing the range in susceptibility, we used the more objective method, frass spots (Buntin et al. 1996) , to quantify leaf damage.
Survival of adult lace bugs was higher on the whole plants, as compared with incised leaves inside petri dishes. Also, there was indication of feeding in the form of frass spots on leaves of P. phillyreifolia, which was never noticed in the petri dish assays. This could be because of higher moisture content and longer maintenance of turgor in leaves on whole plants, as compared with excised leaves. This may have prompted the lace bugs to explore the leaves for a longer time and make more attempts to feed than they would have done in a petri dish situation. However P. phillyreifolia still ranked as the most resistant selection to lace bug feeding and exhibited negligible injury, consistent with detached leaf studies.
In the no-choice assays, the number of adults used was different (10 S. pyrioides and two S. takeyai) because of differences in availability of adults. Even so, a higher number of adults of S. pyrioides did not cause as much damage as a lower number of S. takeyai. Therefore, it was clear that S. takeyai favored Pieris as its host, as indicated by its better adult survival, higher leaf damage and most importantly, nymph emergence, whereas Pieris was not a suitable host for S. pyrioides. Among the different Pieris species, the greatest preference was for P. japonica as reported earlier (Schread 1968) . Pieris taiwanesis and P. formosa were less preferred and P. phillyreifolia, was the least preferred among the four species. We measured 51 P. japonica taxa in our assays. Stephanitis takeyai showed clear preference for certain P. japonica taxa viz., ÔTemple BellsÕ, and ÔCavatineÕ, whereas others like ÔVariegataÕ and ÔPreludeÕ were less preferred. The lower preference of ÔVariegataÕ has been mentioned earlier (Labanowski and Soika 2000), but in our assays ÔFlaming SilverÕ and ÔRed MillÕ were more damaged than ÔDeb-utanteÕ and ÔCupidoÕ, whereas Labanowski and Soika (2000) observed severe damage on cultivars ÔSelectÕ, ÔDebutanteÕ, ÔCupidoÕ, and to a lesser degree on ÔFlam-ing SilverÕ, ÔVariegataÕ, and ÔRedmillÕ. In further screening experiments, it might be useful to ascertain the identity of the taxa being tested to ensure uniformity of results. We could not include P. floribunda which is reported to be resistant to S. takeyai in our screening because of lack of plants. However, the hybrid P. floribunda ϫ P. japonica ÔBrowerÕs BeautyÕ seemed to be less preferred, as mentioned in an earlier report (Dunbar 1974) , and so did the hybrids P. japonica ϫ P. floribunda ÔSpring SnowÕ and P. japonica ϫ P. formosa variety forestii ÔForest FlameÕ. This may indicate that P. floribunda and P. formosa may be sources of resistant genes. The resistance shown by P. phillyreifolia in all screening experiments also suggests that it may be a source of resistance, although there is no mention of successful hybridization between P. phillyreifolia with other Pieris species in the literature.
Our studies have revealed the gradients in susceptibility of cultivated Pieris taxa to the two species of lace bugs, S. pyrioides and S. takeyai, and also that S. takeyai is capable of causing signiÞcant damage to several Pieris cultivars. Although S. takeyai was introduced in 1950, very little information is available re- garding its potential host range among Ericaceae and other related families and therefore it would be worthwhile to conduct further studies on these aspects. The exact reasons for the preferences exhibited by S. takeyai are not understood, but the wide variability in leaf shape, size, texture, color, and growth habit among the Pieris taxa, even within the japonica cultivars suggest that different mechanisms may be involved.
